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Nd-Fe-B is the third generation rare-earth permanent magnet, which exhibits
much better magnetic properties than Sm-Co. It is widely used in industry and daily
life, like DC motors, computer hardware, and motor vehicles, due to its excellent
performance. In this paper, a Nd-Fe-B magnet with both hard magnetic Nd2Fe14B
phase and soft magnetic α-Fe phase was produced by arc melting and then melt
spinning in an overquenched state. The as-spun ribbons were annealed at different
time and temperature to obtain the best magnetic properties. Spark plasma sintering
(SPS) was then adopted to consolidate the as-spun ribbons, followed by hot
deformation and grain boundary diffusion. Crystallographic alignment was
successfully achieved after hot deformation, which increased the remanence.
Coercivity was also increased by the grain boundary diffusion. The improvement of
both remanence and coercivity raised the energy product, (BH)max, of the material to a
high value. Dy was then introduced to the composition, which increased the original
coercivity of the magnet, and resulted in a further improvement of the magnetic
properties. The microstructure was characterized by X-ray diffraction and scanning
electron microscopy, which confirm the crystallographic alignment of the magnet.
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Chapter 1 Introduction
1.1 Rare-earth permanent magnetic materials
Nowadays, magnetic materials have gained more and more application value in
science and technology, as well as in daily life, including DC motors, computer
hardware, and motor vehicles. Among all the magnetic materials that are known today,
the rare-earth permanent magnetic materials attract the most interest. Rare-earth
magnetic materials are formed by certain processes from alloys based on rare-earth
elements (Sm, Nd, Pr) and transition metal elements (Co or Fe). These transition
metal elements have strong exchange coupling, high Curie temperature, and high
saturation magnetization, but their anisotropy field and coercivity are low. The rareearth elements have strong 4f shell anisotropy, and the transition metal elements have
large magnetic moment when they form ferromagnetic intermetallic compounds with
the rare-earth elements. This combination of elements produces magnetic materials
with higher energy product, coercivity, remanence, and stability.

1.1.1 History of rare-earth permanent magnetic materials
Since the 1960s, with the breakthrough of a dramatically improved energy
product, three generations of rare-earth permanent magnetic materials with good
performance and practical value have been successfully developed. Figure 1.1
illustrates the development of permanent magnetic materials in the 20th century, as
well as the relative volume for the same amount of energy output for several different
types of magnets. It can be seen that Nd-Fe-B magnet is the best permanent magnet at
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present, with its energy product much higher than any other magnet. Besides, it has
the ability to store more energy in a smaller volume, making it the most widely used
permanent magnet now.

Figure 1.1 Development of permanent magnetic materials in the 20th century
and comparative sizes of magnets with equal strength [1-2]
1.1.1.1 First generation rare-earth permanent magnetic materials (SmCo5)
The first generation of rare-earth permanent magnetic materials, SmCo5, was
first prepared by K. J. Strnat et al. [3] in 1967 with a remanence of 5.1 kG, coercivity
of 3 kOe, and (BH)max of 5.1 MGOe. In 1968, Velge et al. [4] improved the properties
of SmCo5 permanent magnets, raising the remanence to 5.8 kG, coercivity to 5 kOe,
and (BH)max to 8.1 MGOe. Within the same year, Buschow et al. [5] adopted the
isostatic pressing technology to improve the relative density of SmCo5 up to 95%,
which further raised the remanence to 8.4 kG, coercivity to 16 kOe, and (BH)max to
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18.5 MGOe. In 1969, Das et al. [6] applied the powder metallurgy process to the
preparation of high density SmCo5 permanent magnets, raising the (BH)max to 20
MGOe, which greatly improved and matured the preparation process of this kind of
permanent magnet.
1.1.1.2 Second generation rare-earth permanent magnetic materials (Sm2Co17)
The second generation rare-earth permanent magnetic material is represented by
Sm2Co17. This series Sm-Co magnets has 2 Sm atoms and up to 17 other atoms,
leading to better magnetic properties than SmCo5 magnets. The 17 other atoms are
mostly Co, but it is also possible that they contain some other atoms like Fe,Cu, Zr, or
Hf [7]. In 1977, T. Ojima et al. [8] used the powder metallurgy process to make a
Sm2(Co, Fe, Cu, Zr)14.2 permanent magnet with a (BH)max up to 30 MGOe, which was
the highest energy product at that time. Furthermore, when compared with other
rare-earth permanent magnets, Sm2Co17 has the best temperature coefficient, making
it the best choice for high temperature applications [7].
1.1.1.3 Third generation of rare-earth permanent magnetic materials (Nd2Fe14B)
The third generation rare-earth permanent magnetic material is Nd-Fe-B. In 1984,
Sagawa [9], Hadjipanayis [10], Croat [11-12], and Koon [13] almost simultaneously
reported that Nd-Fe-B based rare-earth permanent magnetic materials, the main phase
of which is Nd2Fe14B, had a (BH)max of 36 MGOe (later, the theoretical maximum,
given by (4Ms)2/4, was calculated to be 64 MGOe). Moreover, the rare-earth element
Nd is relatively plentiful, which save the cost of production. Since the birth of
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Nd-Fe-B permanent magnet material in 1983, people have been working to improve
its thermal stability, corrosion resistance, mechanical properties, and magnetic
properties, and significant progress has been made, with commercial magnets
available with energy products of about 50 MGOe, and laboratory values about 60
MGOe [14]-an amazing 90% of the theoretical value. Table 1.1 shows the highest
properties of commercial magnets of each generation [15]. At present, the production
and consumption of Nd-Fe-B rare-earth permanent magnetic materials have been far
more than other rare-earth permanent magnetic materials [16].
Table 1.1 Highest properties of commercial magnets of each generation [15]
Material

Remanence (kG)

Coercivity (kOe)

(BH)max (MGOe)

Sm-Co (1-5)

10

12.5

24

Sm-Co (2-17)

11.3

>9

33

Nd-Fe-B

14.25

>12

53

In 1991, E. F. Kneller et al. [17] first proposed the theory of nanocrystalline
exchange coupling. They suggested that since the saturation magnetization of the soft
magnetic material is high but the coercivity is low, while the coercivity of the hard
material is high but the saturation magnetization is low, if the two magnetic phase
could be combined at the nanoscale, exchange coupling between grains of the soft and
hard phase would exploit the best of both materials, leading to the development of
permanent magnetic materials with both high saturation magnetization and high
coercivity. This kind of material is called nanocrystalline exchange coupled
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permanent magnetic material, which is considered to be the fourth generation
rare-earth permanent magnetic materials. In 1993, R. Skomski and J. M. D. Coey et al.
[18] used a micromagnetic calculation and found that the (BH)max of the
nanocrystalline two-phase composite magnet could be almost twice the current best
sintered Nd-Fe-B magnet. Further, the rare-earth content of the nanocrystalline
two-phase composite permanent magnetic alloy is lower than that of the Nd-Fe-B
permanent magnetic materials. Meanwhile, it has better thermal stability and
oxidation resistance. At present, the hard magnetic phases in the research of two phase
nanocomposite rare-earth permanent magnetic materials are Sm2Fe17Ny, Nd2Fe14B,
and the soft magnetic phase are mainly α-Fe, Fe3B, which lead to the synthesis of
Sm2Fe17Ny/α-Fe (or Fe3B), Nd2Fe14B/α-Fe (or Fe3B), and Pr2Fe14B/α-Fe. In general,
nanocomposite rare-earth permanent magnetic materials may be developed into a new
generation of permanent magnetic materials.

1.1.2 Developing prospects of rare-earth permanent magnetic materials
In the 21st century, rare-earth permanent magnetic materials have become an
important basic functional material, and have attracted much attention in various
industrial areas. Meanwhile, the production scale and technology of this material have
made considerable progress.
With the rapid development and wide application of rare-earth permanent
magnetic materials, as well as the great importance that has been attached to them,
rare-earth permanent magnetic materials will move in several directions. As for the
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sintered Nd-Fe-B magnets, studying magnets without heavy rare-earth elements and
high stability is an important goal for current and future development. Another target
is to increase coercivity while maintaining high energy product. In order to achieve
this, it is important to allocate the distribution of elements reasonably within the
magnets, decrease the grain size of the main phase, optimize the structure and
composition of the grain boundary of the main phase, and increase the
magnetocrystalline anisotropy field of the main phase grain surface. Currently, two
new technologies have been proposed to increase the coercivity: grain refinement, and
grain boundary diffusion. At present, however, both technologies have some
deficiencies, so the focus of future research is to overcome the technical problems and
combine the two technologies in order to achieve the best result.

1.2 Fundamentals of magnetism
The origin of magnetic properties of materials is the magnetic moments
associated with individual electrons. There are two mechanisms that cause the
magnetic moments in electrons within an atom. The first one is due to the orbital
movement of electrons around the nucleus. When an electron is moving, it could be
thought of as a small current loop that generates a very small magnetic field, and the
direction of its magnetic moment is along the axis of the orbital motion, as illustrated
in Figure 1.2a [19].
Another reason why magnetic moments occur is the spinning of electrons. Apart
from the orbital motion, each electron could also be considered as spinning around an
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axis, which also results in a magnetic moment, and its direction is along the spin axis,
as shown in Figure 1.2b. The magnetic moment of an electron in an atom could be
considered as the combination of orbital movement magnetic moment and spinning
magnetic moment [19].

(a)

(b)

Figure 1.2 Demonstration of (a) an orbital movement magnetic moment and (b) a
spinning magnetic moment [19]
Within each individual atom, both orbital moments and spin moments have
different directions. For example, if two electrons rotate or spin in opposite directions,
their moment direction will also be opposite; then the two moments will cancel each
other. Thus, the net magnetic moment for an atom is the sum of the orbital moment
and the spin moment of each electron within the atom, taking moment cancellation
into consideration [19]. If a material consists of atoms that have total cancellation of
both orbital and spin moments, it will be unable to be permanently magnetized. The
magnetic materials, however, could be magnetized because they have a resultant
moment on the atomic scale [20].

1.3 Magnetic properties
The magnetic properties of permanent magnetic materials could be divided into
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intrinsic magnetic properties, like saturation magnetization, and extrinsic magnetic
properties, like coercivity, remanence, and energy product.

1.3.1 Saturation magnetization
Saturation magnetization refers to the state in which the magnetization of the
material no longer increases with the increase of the applied external magnetic field
(H), and the magnetization (M) becomes stable, as shown in Figure 1.3 [21].

Figure 1.3 The state in which the magnetization no longer increases with the increase
of applied field is called saturation magnetization
If the applied external magnetic field is reduced by changing its direction to the
opposite from the saturation point, the curve does not go back along the original path.
The magnetization, however, will lag behind the applied external field, which is called
an hysteresis [19]. Figure 1.4 shows a typical hysteresis loop.
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Figure 1.4 A typical hysteresis loop, where M is the magnetization and H is the
applied field [22]

1.3.2 Remanence
As is mentioned above, the magnetization will lag behind the applied external
field. When the external field becomes zero, there still exists a residual magnetization,
which is called the remanence. The remanence indicates that the material will still be
magnetized even though the external field is removed [19]. The increase of remanence
could be achieved by modifying the grain orientation, domain structure, relative
density, and volume fraction of the main phase of the magnetic materials.

1.3.3 Coercivity
In order to reduce the magnetization to zero, an external magnetic field that is in
the opposite direction must be applied. The intensity of the reversed field that makes
the magnetization zero is called the coercivity [19]. If the reversed field keeps
increasing until it is fully reversed, the saturation magnetization will be achieved
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again in the opposite direction. At this point, if a field that is in the original field is
applied, the loop will be reversed to the initial saturation point [20].

1.3.4 Energy product
The energy product, (BH)max, measures the maximum amount of magnetic
energy stored in a magnet, the value of which is the product of the flux density (B)
and the applied magnetic field (H). The larger the energy product is, the stronger the
magnet will be [20]. The energy product could be determined in a B-H curve, which
could be converted from the M-H curve. The largest rectangle in the second quadrant
under the B-H curve is the (BH)max, as shown in Figure 1.5. It is obvious that by
maximizing the remanence and the coercivity, the energy product will be optimized.

Figure 1.5 Shaded region in the B-H curve is the energy product [22]
In the cgs units system, the flux density (B) is given by
B = 4πM + H

Eqn 1.1

where B is the flux density in gauss, M is the magnetization in emu/cm3, and H is the
magnetic field in Oe. In this research, the magnetization was measured in emu/g, so it
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needs to be converted to emu/cm3 when calculating the flux density and energy
product. The density of the sample that used to converting the unit is 7.6 g/cm3.

1.4 Types of magnets
According to the level of difficulty of demagnetization, magnetic materials can
be divided into two types: soft magnets and hard magnets. The soft magnets are those
materials that are easily magnetized and demagnetized. They have low coercivity and
energy product, but high saturation magnetization, which makes their hysteresis loop
narrow [23]. The hard magnets, however, have a wide hysteresis loop since their
coercivity and energy product are high, as are shown in Figure 1.6.

Figure 1.6 The hysteresis loops of a soft magnet and a hard magnet, with
the dashed loop being the ideal magnet [20]
Figure 1.6 indicates that the properties of magnetic materials could be optimized
by combining the soft magnet and hard magnet into a two-phase material. The energy
product will thus be further improved by the increased saturation magnetization
provided by the soft magnetic phase, and the coercivity will be maintained with the
hard magnetic phase.
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1.5 Objective
Theoretically, the two-phase magnetic materials have the ability to give much
better magnetic properties by exploiting the advantages of both two phases. In this
research, we will try to produce a bulk rare-earth permanent magnet with both hard
magnetic Nd2Fe14B phase and soft magnetic α-Fe phase by means of spark plasma
sintering, and the composition of the sample is Nd8Fe87Nb0.5Zr0.5B4. Hot deformation
will be used to achieve a good crystallographic alignment of Nd2Fe14B grains, which
is expected to increase the remanence of the sample. Grain boundary diffusion will
also be tried in order to increase the coercivity by forming Nd-rich phase along the
grain boundaries to isolate Nd2Fe14B grains, as well as by the introduction of Dy to
improve the magnetic anisotropy of the sample. The increase of both remanence and
coercivity is expected to improve the energy product.
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Chapter 2 Literature Review
2.1 Spark plasma sintering (SPS)
2.1.1 Introduction of SPS
SPS is a newly developed technique that adopts the combination of a uniaxial
force and a DC pulsed current to consolidate powder materials at relatively low
temperatures and short periods of time under a low atmospheric pressure or protective
gas environment [24-25]. Among the various theories that explain the principle of
SPS, the most widely accepted one suggests that the DC pulsed current provides the
gaps between powder particles with electrical energy and momentarily generates
spark plasma at high temperatures [24, 26]. This heating mode makes it possible to
apply SPS to cases that require high heating and cooling rates, and maintain the
intrinsic properties of nanopowders while their densification is enhanced [25]. When
compared with conventional sintering systems like hot pressing and hot isostatic
pressing, the SPS system has a much higher sintering speed since the powder particles
are self-heated from inside [24]. In addition, it is easier to control sintering energy,
providing superior control over the densification process..

2.1.2 Principles of the SPS process
The SPS system has the ability to consolidate a homogeneous and high-quality
sintered compact very easily. The large spark-pulsed DC current of the SPS system
causes direct heating of the sintering die and powder materials, which results in a high
thermal efficiency of the system [24].
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Figure 2.1 shows the basic configuration of an SPS system. It can be seen from
the figure that the SPS system provides pressure through a vertical single-axis
direction, and the punch electrodes have an internal water cooling system. The
sintering chamber is also water-cooled, and the temperature within it is monitored by
a thermalcouple or pyrometer [24-25]. The atmosphere within the chamber can be a
vacuum environment, or protective gas environment. The pulsed DC current is
provided by the sintering DC pulse generator, and the pressure is provided by a
hydraulic system. When sintering, the powder samples are stacked within the die and
between the two punches. Under the high temperature generated by the pulsed DC
current and the high pressure, the powders will be sintered to high-quality compact
within a few minutes [25]. The mechanism of SPS process was described elsewhere
[24-27].

Figure 2.1 Basic configuration of SPS system [25]
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2.1.3 Sintering of Nd-Fe-B permanent magnets by SPS
After the sintered Nd-Fe-B magnet was produced [28], sintering technology has
been playing an important role in the production of fully dense rare-earth permanent
magnets. Because of the anisotropic alignment of the Nd2Fe14B grains during the
sintering process, the sintered Nd-Fe-B permanent magnets have a much higher
energy product than any other types of permanent magnets, which makes them widely
used in various applications, such as mobile phone speakers, magnetic resonance
imaging, and traction motors for electric vehicles [29-32]. The sintering process of
fully dense rare-earth permanent magnets is assisted by a rare-earth grain boundary
phase. This phase has a low melting temperature that makes it become liquid before
the temperature reach the sintering temperature, and hence lubricates the surface of
the Nd2Fe14B grains. In addition, the rare-earth-rich phase can smooth and isolate
grains to make a microstructure that is necessary for good magnetic properties [33].
With the advantages of a lower sintering temperature and a shorter time, spark plasma
sintering has become widely used in producing the sintered Nd-Fe-B permanent
magnets [34].
Ma et al. [34] and Mo et al. [35] studied the influence of the sintering
temperature and holding time of SPS and Nd contents on the magnetic properties and
microstructure of Nd-Fe-B magnets. They found that when compared with the holding
time, the sintering temperature had a more significant influence on the density and the
remanence; the density and remanence increased with the increase of the sintering
temperature. But there existed an optimum temperature, above which the properties
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decreased due to excessive grain growth. Further, maintaining the density of the
magnet requires that the sintering temperature or holding time should be increased if
the Nd content decreases [34-35].
Yue et al. [36] analyzed the chemical stability and microstructure of Nd-Fe-B
magnets prepared by SPS. They found that when compared with the conventional
sintered Nd-Fe-B magnet, the SPS-processed magnet exhibited a higher positive
corrosion potential and lower corrosion current density, which indicated a better
corrosion resistance. Meanwhile, the SPS-processed Nd-Fe-B magnet also had good
oxidation resistance [36].
Yue et al. [37] was also able to determine that the mechanical properties of
Nd-Fe-B magnets produced by SPS were improved compared to conventional
densification processes. The improved mechanical properties of SPS-processed
magnets might result from their unique microstructure [37].

2.2 Hot deformation (HD)
Nowadays, the hot deformation technology is widely used in the production of
Nd-Fe-B magnets. It has been proved that hot deforming the SPS-processed Nd-Fe-B
magnet could significantly increase its remanence. Besides, the hot deformation
process could also be achieved by using the spark plasma sintering system.
Principle factors, like temperature, holding time, and deformation height
reduction, influence the structure and magnetic properties of Nd-Fe-B magnets
produced by the hot deformation process through the SPS system have been studied
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[29-30, 38-41]. It was found that under optimal deformation conditions, the magnetic
properties of the material were as good as the best reported magnetic properties of
Nd-Fe-B magnets [41]. In the XRD patterns of the hot deformed magnets, the
intensity of (00l) peaks were strong, and the SEM images showed well-aligned
platelet-shaped Nd2Fe14B grains, which indicated crystallographic alignmen. The
anisotropy resulted from the crystallographic alignment of the c-axis in the magnet
during the hot deformation process. In addition to good magnetic properties, the hot
deformation process also has advantages like high efficiency, low cost, and a shorter
manufacturing time [29-30, 38-41].
The magnetic anisotropy of the Nd-Fe-B magnet produced by hot deformation
was also studied [29, 41-42]. The magnetic properties along the compression direction,
which is the c-axis direction, and perpendicular to the compression direction were
measured. The results showed that both the remanence and the energy product
measured in the direction parallel to the c-axis were much higher than those measured
in the direction perpendicular to the c-axis, which indicates a strong magnetic
anisotropy behavior. It was also found that the grain size did not increase during the
hot deformation process. Instead, the exchange coupling was enhanced, which
resulted in a reduction in coercivity of the hot-deformed magnet from the
SPS-processed magnet, as well as from the starting powder. This theory was also
suggested by other researchers [38]. The temperature stability of the hot-deformed
Nd-Fe-B magnet was also studied, and the result showed that the hot-deformed
anisotropy Nd-Fe-B magnet could have high temperature stability [42].
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Hu et al. [43] studied the mechanical properties of the Nd-Fe-B magnet at
different hot deformation temperatures. They compared the Rockwell hardness and
the impact toughness of the magnets deformed at different temperatures, and found
that both the Rockwell hardness and the impact toughness of Nd-Fe-B magnets first
increase, and then decrease with increasing deformation temperature, and the
optimum mechanical properties were obtained when the crystallographic alignment of
the magnet was best. It was suggested that the Nd-rich phase at the grain boundary
has significant influence on the mechanical properties of the hot-deformed Nd-Fe-B
magnet, and the main reason why the mechanical properties improved in the hot
deformation process might be the widening and shape changing of grain boundaries
during hot deformation [43].
Huang et al. [44] investigated the influence of the Nd-rich phase on developing
the microstructure and properties of hot-deformed Nd-Fe-B magnets. They verified
that the liquid Nd-rich phase was distributed variably because it is diffusion-driven,
which resulted in the microstructures gradually changing. When there was no Nd-rich
phase, the crystallographic alignment could not be observed at all, indicating the
Nd-rich phase plays an important role in texture development [44].
Tang et al. [45] produced anisotropic nanocompostite Nd2Fe14B/α-Fe magnets by
hot pressing and die upsetting, which was coupled with Nd-Cu grain boundary
diffusion, resulting in a high energy product of 37.3 MGOe. It was proved that the
workability of the magnets was improved by Nd-Cu grain boundary diffusion, which
occurred during the hot deformation process, and hence assisted the formation of
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strong anisotropy by die upsetting [45].

2.3 Grain boundary diffusion
Although the hot-deformed Nd-Fe-B magnet exhibits a high remanence, its
coercivity value is low. So far, the highest reported coercivity of hot-deformed
Nd-Fe-B magnet s about 18 kOe [46]. Lewis et al. [47-48] investigated the
microstructure of hot-deformed Nd-Fe-B magnets and found that ferromagnetic
elements, like Fe, occurred in the intergranular phase, which enhanced the
ferromagnetic coupling between the Nd2Fe14B grains, causing the low coercivity.
However, since the ultrafine grain size of the hot-deformed Nd-Fe-B magnet is on the
same order as the single domain size, it is highly possible that a much higher
coercivity may be obtained [49-50].
Grain boundary diffusion proved to be an efficient way to improve the coercivity.
With this approach, Nd is diffused along the grain boundaries of Nd2 Fe14B. With the
increasing fraction of the non-ferromagnetic Nd-rich intergranular phase, the
Nd2Fe14B grains will be isolated, which weakens the intergranular exchange coupling
and hence increases the coercivity [51-54].
Akiya et al. [51] and Sepehri-Amin et al. [52] applied Nd70Cu30 eutectic alloy as
the diffusion source for the hot-deformed Nd-Fe-B bulk magnets to achieve grain
boundary diffusion, and a great increase of coercivity was observed. Liu et al [53]
investigated a series of alloys, including Nd-Al, Nd-Cu, Zd-Zn, Nd-Ga, Nd-Mn,
Nd-Cu-Al, and Nd-Pr-Cu, as the diffusion sources for the grain boundary diffusion
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process to hot-deformed Nd-Fe-B magnets, and the results were compared to the
sample diffusion-processed with Nd70Cu30. All those alloys successfully increased the
coercivity of hot-deformed Nd-Fe-B magnets. Among them, the sample diffused by
Nd90Al10 obtained the highest coercivity at room temperature, but the sample diffused
by Nd70Cu30 obtained the highest coercivity at 200℃, which indicated that Nd-Cu
alloy is a better diffusion source than other alloys [53].
Nd62Dy20Al18 was also adopted as the diffusion source [54], and it was compared
to the sample diffused by conventional grain boundary diffusion using Dy-vapor at a
processing temperature of 900℃. The result showed that the Nd62Dy20Al18 alloy had
the ability to substantially increase the coercivity at room temperature. Besides, the
coercivity would retain a relatively high value even though the temperature was
increased, which meets the requirement for applications in traction motors. The
Dy-vapor diffusion process, however, only slightly increased the coercivity because of
the excessive grain growth [54].
However, the problem in grain boundary diffusion is that the reduction of
remanence will also occur because of the decrease of the volume fraction of the
ferromagnetic phase. Minimizing the reduction of remanence while obtaining high
coercivity may be a challenge for future research [51-54].

21

Chapter 3 Experimental Procedures
3.1 Producing samples
3.1.1 Sample preparation
The magnet samples with both Nd2Fe14B phase and α-Fe phase were prepared,
the formula of which was Nd8Fe87Nb0.5Zr0.5B4. The introduction of Nb and Zr helped
to inhibit the grain growth during the crystallization, leading to a higher remanence
while preserving a high coercivity [55].
Figure 3.1 is the phase diagram of Nd-Fe-B permanent magnet. The Φ in the
phase diagram stands for the stoichiometric Nd2 Fe14B phase with the atomic
percentage of Fe 82%. But in our sample the atomic percentage of Fe is increase to
87%. According to the heat treatment temperature of 700℃, which is 973 K, in this
research, it will locate in the area with both Nd2Fe14B phase and α-Fe phase.

Figure 3.1 Phase diagram of Nd-Fe-B permanent magnet [56]
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The raw materials that were used in producing the samples were Neodymium
(99.1%), Iron (99.99%), Boron (99.5%), Niobium (99.95%), and Zirconium (99.8%).
Table 3.1 shows the weight percentages of each element, which were converted from
the atomic percentages.
Table 3.1 Weight Percentages of Different Elements
Element

Nd

Fe

Nb

Zr

B

Wt%

18.77%

79.03%

0.76%

0.74%

0.70%

They were cut into small pieces and their masses were weighed out using a
precision scale, the precision of which was 0.1 mg and the tolerance for the masses
was to keep the actual mass of the material within 2% of the desired mass.

3.1.2 Arc melting
The raw materials were then placed into an arc melter to alloy them into a single
ingot. When placing the samples into the arc melter, the small pieces (Boron, Niobium,
and Zirconium) were laid in the bottom, and the larger pieces (Neodymium and Iron)
covered the small pieces to prevent them from spattering due to the large power of the
arc melter.
The arc melting was operated under Argon environment to prevent oxidation.
The argon environment was achieved by evacuating the chamber and backfilling with
Ar several times, with the final pressure below 60 mtorr prior to refilling with Ar to
about 390 torr. After refilling argon, cooling water was applied to the base of the
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chamber and the tip. The sample was then arc melted, rotated and re-melted three
times to make sure they were mixed homogeneously. The ingot was allowed to fully
cool before removal.

3.1.3 Melt spinning
The ingot was then placed into a quartz crucible with a 0.7 mm orifice in the
bottom for melt spinning. The crucible was mounted in the melt spinner, about 5 mm
above the copper wheel, with the portion of the crucible containing the ingot
surrounded by the induction coil. The melt spin chamber was then pumped down
three times to 4×10-2 torr, 3.5×10-2 torr, and 2.3×10-2 torr respectively. After each
evacuation it was refilled with Ar, and the final pressure inside the melt spin chamber
was 910 mbar. The ballast was then over pressurized by 0.2 bar. The cooling water
was applied and the wheel speed was set to a tangential velocity of 40 m/s. The power
supply was turned on and the melting begun. The ingot was heated up by the
induction coil until it was melted. In order to make sure the sample was
homogeneously mixed, the sample was held there for about 1 minute after it was
melted. The sample was then spun at a tangential velocity of 40 m/s by releasing the
ballast and forcing the melted material onto the rotating copper wheel to make the
sample become ribbons.

3.1.4 Annealing
After the ribbons were prepared, they were annealed to allow for crystallization
and grain growth. Before annealing, DTA was used to find the crystallization
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temperature of the sample, and the annealing temperature was then determined
according to the crystallization temperature. In order to fully crystallize the sample,
the annealing temperature should be higher than the crystallization temperature. To
prepare for the annealing, four to five ribbons were wrapped in tantalum foil. These
were then placed in quartz tubes and evacuated to a pressure below 60 mtorr and
backfilled with Ar six times to prevent oxidation, and then the quartz tubes were
sealed.
The ribbons were annealed at a series of temperatures of 600℃, 650℃, 700℃,
750℃, 800℃, and 850℃ for times of 10, 15, 20, 25, or 30 minutes. By trying
different combinations of temperature and time, the optimal annealing condition was
determined. The ribbons annealed at the optimal condition exhibited the best magnetic
properties.

3.1.5 Spark plasma sintering
After the best magnetic properties of the ribbons were achieved by annealing, the
as-spun ribbons were crushed into powders using a mortar and pestle. 1 g of the
sample powders were collected and then mixed with the Nd70Cu30 eutectic alloy
powders, the mass percentage of which was about 5%, and were produced by the
same process as the sample powders. The purpose of mixing Nd70Cu30 was to
maintain the coercivity. Since the melting temperature of Nd70Cu30 is lower than the
sintering temperature, it became liquid and diffused along the grain boundaries of
Nd2Fe14B grains during the sintering process, resulting in the formation of an Nd-rich
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intergranular phase. During the sintering, as well as the later hot deformation process,
this liquid phase along grain boundaries helped to maintain the uniform of
microstructure, which is important for a high coercivity. In addition, this Nd-rich
phase in the grain boundaries isolated the Nd2Fe14B grains to some extent, also
helping to maintain a high coercivity. Later in the hot deformation process, this
Nd-rich phase also assisted in the stress-induced grain growth, leading to the
crystallographic alignment of the Nd2Fe14B grains [51-53]. The mixed powders were
placed within the die and between the two punches of the spark plasma sintering (SPS)
system, they were then placed in the sintering chamber between the electrode punches.
The sintering chamber was pumped down to 200 mtorr and backfilled with Ar three
times, and the cooling water was applied. The controlling program was then run to
control the sintering conditions with the heating rate 100℃/min, sintering temperature
700℃, sintering pressure 100 MPa. Different holding times of 30, 40, 50, and 60
seconds were tried to find out the optimum condition. When the program was done,
the temperature returned to room temperature and the pressure was also removed, the
bulk sample produced from the powders was obtained. For comparison, another gram
of crushed as-spun samples was prepared, and followed the same sintering process
without mixing with the Nd70Cu30 eutectic alloy powders to determine the influence
of eutectic alloy on the magnetic properties of the sample. The holding times of 30
and 40 seconds were used in this comparison step.
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3.1.6 Hot deformation
A rectangular parallelepiped specimen with dimensions of 4×2×2 mm (along
easy magnetization direction) was cut from the center of the SPS-processed sample
for hot deformation. For comparison, two SPS-processed samples with different
sintering holding times, 30 seconds and 40 seconds, were prepared. The hot
deformation process was the same as the sintering process except the program was
modified to change the heating rate to 200℃/min, the deforming temperature was still
700℃, the deforming pressure was 65MPa, and the holding time was 10 s.

3.1.7 Grain boundary diffusion
Nd62Dy20Al18 was adopted as the diffusion source in this process, and its ribbons
were also prepared by arc melting and melt spinning. The entire surface of the
hot-deformed samples was completely covered by Nd62Dy20Al18 ribbons, and they
were enveloped in Ta foil together. The amount of ribbons was about 20 wt% of the
sample. They were then placed in the quartz tube and sealed as previous described.
The samples were heat treated at 700℃, which was determined according to the
melting temperature of the Nd62Dy20Al18 alloy, for 1 hour, and then removed to
measure the magnetic properties.

3.1.8 Substitution of Nd70Cu30 with Dy70Cu30
The ribbons of another eutectic alloy with low melting temperature, Dy70Cu30,
were prepared also by arc melting and melt spinning, and crushed to powders. The
purpose of substituting Dy for Nd in the eutectic alloy was to improve the coercivity
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of SPS-processed sample. Dy70Cu30 has the function of Nd70Cu30. In addition, the
diffusion of Dy70Cu30 along the grain boundaries could increase the magnetic
anisotropy of the sample by the partially substitution of Nd with Dy in the Nd2Fe14B
grains surface to form a (Nd1-xDyx)2Fe14B shell, which has a higher magnetic
anisotropy field than Nd2Fe14B. This high anisotropy suppressed the nucleation of
reverse domains, leading to a higher coercivity [54]. 1 gram of crushed as-spun
sample powders were collected and mixed with Dy70Cu30 instead of Nd70Cu30. The
weight percentage of Dy70Cu30 was still 5%. And then previous processes of spark
plasma sintering, hot deformation, and grain boundary diffusion were repeated to find
out the influence of Dy on the magnetic properties.

3.1.9 Introduction of Dy to the original composition
In order to further study the influence of Dy on the magnetic properties of the
sample, it was introduced to the original composition, Nd8Fe87Nb0.5Zr0.5B4, so the
original composition now was modified to Nd7Dy1Fe87Nb0.5Zr0.5B4. The purpose of
the introduction of Dy was to increase the coercivity from the beginning by improving
the magnetic anisotropy of the sample, as described above. Table 3.2 shows the
weight percentage that converted from the atomic percentage of each element of the
new composition.
Table 3.2 Weight Percentage of Different Elements of New Composition
Element

Nd

Dy

Fe

Nb

Zr

B

Wt%

16.38%

2.64%

78.80%

0.75%

0.74%

0.69%
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The whole experimental processes were the same as previous. But for the
purpose of comparison, 2 grams of crushed as-spun sample powders were collected
before spark plasma sintering, 1 gram of which was mixed with 5%wt of Nd70Cu30
and another gram was mixed with 5%wt of Dy70Cu30. And then the magnetic
properties were obtained.

3.1.10 Double deforming
Four grain boundary diffused samples, Nd8Fe87Nb0.5Zr0.5B4 mixed with Nd70Cu30,
Nd8Fe87Nb0.5Zr0.5B4 mixed with Dy70Cu30, Nd7Dy1 Fe87Nb0.5Zr0.5B4 mixed with
Nd70Cu30, and Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed with Dy70Cu30, were double deformed
by SPS. The deforming process and the controlling program were the same as the hot
deformation. The magnetic properties of these samples were measured again after the
double deforming.

3.2 Sample characterization
The samples were characterized in three steps: the magnetic properties were
measured by a VersaLab VSM, the phase compositions were determined by
PANalytical Emperean X-Ray Defractometer, and the microstructure were observed
by Helios NanoLab 660 Dual Beam System. The details are described in this chapter.

3.2.1 Magnetic properties measurement
A Vibrating Sample Magnetometer (VSM) was utilized in this research to
measure the magnetic properties of the samples. The sample is stuck onto a
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rod-shaped sample holder using a piece of non-conductive tape, and then placed
inside the VSM chamber and surrounded by the pick-up coil. When it is working, the
whole process is controlled by a program. The chamber is first pumped down to about
50 torr, and the sample is magnetized, and then vibrates sinusoidally with the center
of the vibration overlapping the center of the pick-up coil. The linear motor transport
of the VSM provides the optical linear encoder signal to the motor module, which
then controls the sample vibrating in the center position accurately, as well as the
amplitude of the vibration. According to Faraday’s Law of Induction, an electric field
will be induced in the pick-up coil by the magnetic field of the sample. The induced
current is then transferred to voltage signals, and then amplified by a transimpedance
amplifier and lock-in detected by the VSM detection module. The detected signals are
then sent to the controlling and monitoring software in the connected computer, and a
hysteresis loop is obtained by the software [57].
The VSM that was used in this research was VersaLab (Quantum Design, San
Diego, CA, USA). The sample preparations for the measurement are as follows. For
the annealed ribbons, one or two small pieces of ribbons were weighed using a
precision scale (+/- 0.0001 mg), and stuck to a sample holder by the nonconductive
tape. The sample holder was then placed inside the VSM chamber for measurement.
For the SPS-processed and hot-deformed samples, their surfaces were covered by a
layer of graphite foil, which was used to separate the sample and sintering punches.
The graphite foil should be eliminated before any measurement. So the top and
bottom surfaces of these samples were ground by sand-papers with first 100 grit to
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remove the graphite foil and then 800 grid to polish them. Before measuring in the
VSM, a small piece was cut by a diamond saw from the SPS-processed sample, and
ground to a thickness of 200 μm by 100 grit sand-paper and then 800 grit to polish it.
Acetone and alcohol were used to rinse the surfaces. Since the hot-deformed sample
was originally cut from the SPS-processed sample, it only needed to be ground to 200
μm followed by polishing and rinsing. For the boundary-diffused sample, since it
came from the hot-deformed sample, it was also only treated by grinding, polishing
and rinsing. After rinsing, the SPS-processed, hot-deformed and boundary-diffused
samples were also weighed by the precision scale, and the magnetic properties in two
directions were measured. One direction was along the pressing and deforming
direction, while the other was perpendicular to the pressing and deforming direction.
When the direction was along the deforming direction, the samples were stuck in
small piece of plastic, which were cut from a straw, with the nonconductive tape. The
plastic was then propped inside a straw and placed inside the VSM chamber for
measurement. When the direction was perpendicular to the deforming direction, the
measuring way was the same as the annealed ribbons.

3.2.2 X-ray diffraction (XRD)
X-ray diffraction is an analytical technique that is used to identify different
crystalline phases and provide information about the crystallographic structure and
orientation.
The Cu Kα X-rays are generated by an X-ray tube when an electron beam hits a
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copper target at relativestic velocities. The electron beam is generated by a hot
filament, which is the cathode of the X-ray tube, and the copper target works as the
anode. The high speed of the electron beam is resulted from the high voltage that is
applied between the anode and cathode. Figure 3.2 shows a typical X-ray tube.

Figure 3.2 A typical X-ray tube [58]
After the X-rays are generated, it will hit the atoms of the sample materials that
will then scatter the X-rays. The scattering will result in the constructive interference
of the diffracted X-rays, which is described by Bragg’s Law:
nλ = 2dsin(θ)

Eqn. 3.1

where n is an integer, λ is the wavelength of the X-ray, d is the interplanar spacing,
and θ is the angle between the X-ray and the parallel plane. This is illustrated by
Figure 3.3. The parallel incident X-ray beams (Beam 1, 2, and 3) are scattered in the
same direction, and then they become diffracted beams (Beam 1’, 2’, and 3’) after
scattering. The diffracted beams are still parallel to each other, and are collected by a
detector.
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Figure 3.3 X-ray diffraction in a crystal according to Bragg’s Law [20]
The constructive interference is resulted from the parallel diffracted beams, and
it will increase the amplitude of the wave. When these high intensity scattered X-rays
are detected, creating a diffraction pattern, with peaks occurring at 2θ angles that
satisfy the Bragg equation. The location of these peaks are unique to specific
materials, so the diffraction pattern could be indexed with the help of the powder
diffraction file (PDF) cards, which illustrate the standard X-ray diffraction patterns of
materials, to determine phase compositions in the sample.
The X-ray diffractometer that was used in this research to obtain the X-ray
diffraction patterns of each sample was the PANalytical Empyrean Diffractometer
(PANalytical, Westborough, MA, USA). For the annealed ribbons, several pieces were
collected and put in the center of the sample holder, and then placed inside the X-ray
diffractometer. For the SPS-processed, hot-deformed and boundary diffused samples,
their surfaces should be polished. But since they have already been polished before
measuring their magnetic properties, as was described in the previous section, they
were also just directly put in the center of the sample holder and then placed inside the
diffractometer. The whole processes were controlled by computer software. When
they were all done, the diffraction patterns for different samples were obtained, and
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compared to the PDF cards to index the peaks.

3.2.3 Scanning electron microscopy (SEM)
Scanning electron microscopy is a technique that is used to form the
microstructure images of samples. The images are provided by scanning the sample
with a focused electron beam. When compared with traditional microscopes like
optical microscope, SEM has the ability to produce higher resolution images even
when the magnification is very high. Besides, the SEM contains different detectors
within it, which makes it be able to provide images in several modes, such as
secondary electron imaging, backscattered electron imaging, and EDS. Figure 3.4
illustrates the mechanism of SEM

Figure 3.4 Mechanism of SEM [59]
The electron beam is generated by an electron gun, and then it is condensed and
constricted by the first condenser lens and objective aperture. This process is then
repeated by the second condenser lens and objective aperture, which makes the
diameter of the electron beam very small while its intensity very high. After the
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condensation and constriction, the direction and speed of the electrons could be
adjusted by changing the current in the scan coils. And then, the electron beam is
condensed by the objective lens. Finally, the focused electron beam hit the sample
surface [60]. After the beam hit the atoms on the sample surface, several kinds of
electron beams could be produced, as is shown in Figure 3.5. These different signals
could be picked up by different detectors, and produce images in different modes.

Figure 3.5 Different signals produced when incident electron beam hits the atoms
of sample surface [61]
In this research, the SEM images were obtained by Helios NanoLab 660 Dual
Beam System (FEI, Hillsboro, OR, USA). Annealed ribbons, SPS-processed samples
and hot-deformed samples were prepared to obtain the SEM images. In order to see
their cross section, they were broken first, and then attached to a sample holder by
conductive tape, with the broken surface faced up. The sample holders were then
placed inside the SEM chamber, and pumped down to vacuum environment. The
electron beam was then turned on to hit the broken surface of the sample, and the
microstructure images of the cross section were obtained.
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Chapter 4 Results and Discussion
4.1 Annealing
Figure 4.1 shows the DTA curve of the sample. The crystallization temperature
of this sample was about 560℃, so the minimum annealing temperature was
determined to be 600℃. A series of temperatures were tried from 600℃ to 850℃
with an increment of 50℃.

Figure 4.1 The DTA curve of Nd8Fe87Nb0.5Zr0.5B4
Figure 4.2 shows the magnetic properties of samples annealed at a series of
different temperatures for 20 minutes. It can be seen that the magnetic properties
improved with the increase of temperature until 700℃. After that, with increasing
temperature, the properties decreased.
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(a)

(b)

(c)
Figure 4.2 (a) Coercivity; (b) Remanence; and (c) Energy product of samples
annealed for 20 minutes at different temperatures
When the optimum annealing temperature, 700℃, was obtained, a series of
annealing times were evaluated at this temperature to determine optimal annealing
conditions. Figure 4.3 shows the magnetic properties of samples annealed at 700℃
for different times.
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(a)

(b)

(c)
Figure 4.3 (a) Coercivity; (b) Remanence; and (c) Energy product of samples
annealed at 700℃ for different times
By trying different annealing conditions, the optimal combination of temperature
and time, 700℃ and 20 minutes, was obtained. The best coercivity, remanence, and
energy product were 4319 Oe, 101 emu/g, and 10.28 MGOe, respectively, and its
hysteresis loop is shown in Figure 4.4. When the temperature was under 700℃ or the
time was less than 20 minutes, the crystallization of Nd2 Fe14B phase was not fully
realized, and amorphous phase still existed in the sample, which made the magnetic
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properties of the samples worse than the optimum. When the temperature was higher
than 700℃ or the time was more than 20 minutes, on the other hand, excessive grain
growth happened. If the Nd2Fe14B grains grew too big, the nucleation of reserve
domains would become easier, leading to a decrease of the magnetic properties

Figure 4.4 Hysteresis loop of the sample annealed at 700℃ for 20 minutes

4.2 Spark plasma sintering
The magnetic properties in the direction of parallel to the sintering direction of
SPS-processed samples mixed with 5 wt% Nd70Cu30 were measured. As is illustrated
in Figure 4.5, different holding time for SPS were tried to find out the optimal
parameters to obtain the best magnetic properties.
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(a)

(b)

(c)
Figure 4.5 (a) Coercivity; (b) Remanence; and (c) Energy product of SPS-processed
samples mixed with 5 wt% Nd70Cu30 for different holding times
It can be seen that when the holding time was 30 s, the material exhibited best
magnetic properties, the coercivity, remanence, and energy product of which were
3800 Oe, 98 emu/g, and 14.55 MGOe, respectively. With the holding time increasing,
the properties became worse due to grain growth.
The magnetic properties in the direction of perpendicular to the pressing
direction of these samples were also measured. The comparison of the properties in
these two directions is shown in Figure 4.6. The c-axis of Nd2Fe14B grain is the easy
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magnetization direction. As is shown in Figure 4.6, the properties in the direction
parallel to the pressing direction were better than that in the direction perpendicular to
the pressing direction, which means the parallel direction was easier to be magnetized
than the perpendicular direction. This result indicates that the crystallographic
alignment occurred in the SPS process, and the c-axis of some Nd2Fe14B grains were
aligned to the pressing direction to some extent.

(a)

(c)

(b)

(d)

Figure 4.6 Second quadrant of hysteresis loops for SPS-processed samples
holding for (a) 30 s; (b) 40 s; (c) 50 s; and (d) 60 s
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Two SPS-processed samples without mixing with Nd70Cu30 were produced, and
the holding times for these two samples were 30 s and 40 s respectively. The magnetic
properties were measured and compared with previous samples that were mixed with
Nd70Cu30 with the same holding time. The comparison is illustrated in Figure 4.7.

(a)

(c)

(b)

(d)

Figure 4.7 Comparison of magnetic properties of (a) holding for 30 s with 5 wt%
Nd70Cu30; (b) holding for 30 s without Nd70Cu30; (c) holding for 40 s with 5 wt%
Nd70Cu30; and (d) holding for 40 s without Nd70Cu30
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It can be seen that when the samples were not mixed with Nd70Cu30, the
remanence was almost the same as those mixed with Nd70Cu30, but the coercivity
decreased. Even with the Nd70Cu30, the coercivity was a little lower than that of the
annealed ribbons. Coercivity is closely related to the microstructure of the samples; a
non-uniform microstructure will have a wide variety of critical nucleation fields for
reversal, which results in the decrease of coercivity. The more uniform the
microstructure of the samples is, the higher the coercivity will be. During the
annealing process, all grains were heat treated in a uniform temperature, which
resulted in a uniform microstructure. In the SPS process, however, the high heating
was localized in the contacting areas between grains, which led to an uneven grain
growth, so the microstructure became less uniform, and the coercivity dropped. The
low melting point Nd70Cu30 diffused along the grain boundary phase during the SPS
process and assist in maintaining the uniform of microstructure as well as isolating the
Nd2Fe14B grains, which increased the coercivity [51-53].

4.3 Hot deformation
Two SPS-processed samples with different holding time, 30 s and 40 s, were hot
deformed and their magnetic properties are shown in Figure 4.8. It was observed that
the remanence of both samples was increased to 117 emu/g and 111 emu/g
respectively, leading to an increase in the energy product to 17.55 MGOe and 12.37
MGOe respectively. The improvement in remanence resulted from the further
crystallographic alignment of the Nd2Fe14B grains with the c-axis of most grains
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aligned in the deforming direction. Under the big compressive pressure, the alignment
was achieved by the stress-induced preferential grain growth via mass transport.
The mixed low melting point Nd70Cu30 played an important role in this process.
At the deforming temperature, the Nd70Cu30 melted and diffused along grain
boundaries to form a liquid Nd-rich grain boundary phase, through which the mass
transport was realized [45]. The Nd-rich phase also lubricated the Nd2Fe14B grains. If
the c-axis of the grains deviate a slightly from the deforming direction, it is easier to
align their c-axis to the deformation direction by rotation with the help of liquid
Nd-rich phase under pressure [45].

(a)

(b)

Figure 4.8 Magnetic properties after hot deformation of (a) the sample
SPS-processed for 30 s; and (b) the sample SPS-processed for 40 s.
However, the coercivity of the samples after hot deformation decreased for two
reasons. The first that was during the deformation process the grains grew unevenly,
creating a grain size distribution with varying morphologies, so the microstructure of
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the sample was not uniform. As mentioned above, this would assist the nucleation of
the reverse domains, and a subsequent decrease of coercivity. Another reason for the
decrease was that the samples contain a soft magnetic α-Fe phase, an intergranular
phase. The exchange coupling of α-Fe and hard magnetic Nd2Fe14B phase also led to
a decrease in coercivity [55].
Similarly, the magnetic properties both parallel and perpendicular to the
deforming direction of these two samples were measured, shown in Figure 4.9. The
difference in magnetic properties between these two directions became much more
obvious when compared to the SPS-processed samples, indicating a greater degree of
crystallographic alignment.

(a)

(b)

Figure 4.9 Second quadrant of hysteresis loops for hot-deformed samples (a)
SPS-processed for 30 s; and (b) SPS-processed for 40 s
The degree of alignment can be determined by the following equation
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degree of alignment 

M r//  M r 
M r//

Eqn. 4.1

where Mr// is the remanence in the parallel direction and Mr⊥ is the remanence in the
perpendicular direction. If the c-axis of Nd2Fe14B grains are fully aligned in the
pressing direction, the remanence in the perpendicular direction will be 0, and the
degree of alignment is 1.
The degree of alignment of SPS-processed and hot-deformed samples with the
SPS holding time 30 s and 40 s were calculated, and the results are shown in Table 4.1.
For both holding times, the degree of alignment increased after hot deformation,
indicating a better crystallographic alignment was achieved.
Table 4.1 Degree of alignment after SPS and hot deformation
SPS holding time

After SPS

After hot deformation

30 s

0. 36

0.57

40 s

0.25

0.53

4.4 Scanning electron microscopy
In order to observe the microstructures of the samples after different processes,
the SEM images of the annealed ribbons, SPS-processed, and hot-deformed samples
with the holding time of 30 s were obtained, shown in Figure 4.10.
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(a)

(b)

(c)
Figure 4.10 SEM images of cross sections of (a) annealed ribbon; (b) SPS-processed
sample; and (c) hot-deformed sample
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After annealing, a uniform microstructure was observed, with equiaxed grains.
After SPS, a small amount of the Nd2Fe14B grains was aligned, but most of them were
still of a different size, shape, or orientation. After hot deformation, however, most of
the grains became platelet-shaped and were aligned in the same direction, with short
axis of the platelet grains along the deforming direction. The varying extent of
alignment was also showed in the XRD patterns of these samples.

4.5 X-ray diffraction
Figure 4.11 shows the XRD patterns of the annealed ribbon, SPS-processed, and
hot-deformed samples with a holding time of 30 s. The alignment of the samples
could be observed through the (00l) peaks. If the alignment was achieved, the c-axis
of the grains turned in the same direction, which results in an increase in the intensity
of the (00l) peaks, including (004), (006), and (008).

(a)

(b)
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(c)

(d)
Figure 4.11 XRD patterns of (a) annealed ribbons; (b) annealed ribbons with the 2θ
range from 25° to 30°; (c) SPS-processed sample; and (d) hot-deformed sample
Since the (006) peaks overlap with the α-Fe (110) peaks, it is hard to tell its
intensity. But it is obvious that after SPS and hot deformation, the intensity of (004)
peaks and (008) peaks increased, indicating a better alignment. To determine the
extent of alignment, the ratio of the integral intensity of (004) peak and adjacent (220)
peak were measured for each XRD pattern. If the c-axis were aligned to the same
direction, the integral intensity of (004) peaks should increase, and hence the ratio
should increase. As seen in Figure 4.11 (a), the (004) and (220) peaks could not be
observed, which means their intensities were too low after annealing. To obtain their
intensity, the ribbons were re-scanned with an X-ray diffractometer in the small 2θ
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range from 25° to 30° with a slow scanning rate; the result is shown in Figure 4.11 (b).
After measuring the integral intensity of (004) and (220) peaks, their ratios were
obtained. After annealing, the ratio was only 0.017. But after SPS, the ratio increased
to 0.48, and then 2.2 after hot deformation, indicating the increasing intensity of (00l)
peaks and c-axis alignment. Since the c-axis is the easy axis of magnetization for
Nd2Fe14B, the alignment of the c-axis much improved the magnetic properties of the
sample.

4.6 Grain boundary diffusion
The hot-deformed samples were then boundary diffused by Nd62Dy20 Al18, and
their magnetic properties are shown in Figure 4.12. It can be seen that the coercivity
was much improved, and increased the energy product. The improvement of
coercivity was attributed to the Nd and Dy in the diffusion source. Nd was diffused
along the grain boundaries between Nd2Fe14B grains and formed a thicker Nd-rich
intergranular phase. The Nd-rich phase isolated the Nd2Fe14B grains and led to
decoupling, helping to increase the coercivity. The Dy was also diffused along the
grain boundaries, and partially substituted Nd with Dy in the Nd2Fe14B grains to form
a (Nd1-xDyx)2 Fe14B shell, which has a higher anisotropy field than Nd2Fe14B [54].
This increased the coercivity to 5100 Oe and 3800 Oe respectively, resulting in an
increase of the energy product to 32.46 MGOe and 17.55 MGOe respectively.
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(a)

(b)

Figure 4.12 Magnetic properties of boundary diffused samples (a) SPS-processed for
30 s and (b) SPS-processed for 40 s.
While the coercivity increased, the remanence of the samples decreased a little
after the boundary diffusion, which also resulted from the Nd and Dy in the diffusion
source. As mentioned above, the Nd-rich phase decoupled the Nd2Fe14B grains by
isolating them. The decoupling of the Nd2Fe14B grains led to a decrease in remanence.
In addition, there was an antiferromagnetic coupling of Dy in the intergranular phase
and Fe in Nd2Fe14B grains, resulting in a further decrease of remanence.

4.7 Substitution of Nd70Cu30 with Dy70Cu30
4.7.1 SPS and hot deformation
The original as-spun sample was mixed with 5 wt% Dy70Cu30 instead of
Nd70Cu30, and processed by SPS and hot deformation. The magnetic properties are
shown in Figure 4.13.
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(a)

(b)

Figure 4.13 Magnetic properties of the sample mixed with 5 wt% Dy70Cu30: (a) after
SPS and (b) after hot deformation
In addition to the function of Nd70Cu30, the substitution of Dy from Dy70Cu30
with Nd in the Nd2Fe14B grains improved the anisotropy, as described above, resulting
in the coercivity of the SPS-processed and hot-deformed samples mixed with
Dy70Cu30 increasing to 4500 Oe and 3850 Oe, respectively, and higher than those
mixed with Nd70Cu30. Hence the energy product of the sample after these two
processes was increased to 18.84 MGOe and 19.92 MGOe respectively.

4.7.2 SEM and XRD
The SEM images of the cross sections of SPS-processed and hot-deformed
samples mixed with 5 wt% Dy70Cu30 are shown in Figure 4.14.
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(a)

(b)
Figure 4.14 SEM images of the cross section of (a) SPS-processed and (b)
hot-deformed samples mixed with 5 wt% Dy70Cu30
Similar to previous samples that mixed with 5 wt% Nd70Cu30, the
crystallographic alignment of the sample was improved after hot deformation,
resulting in an increase in the remanence and energy product. The extent of the
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alignment was also showed in the XRD patterns in Figure 4.15. The ratio of the
integral intensity of (004) peak to (220) peak increased from 0.41 after SPS to 2.3
after hot deformation, indicating a good c-axis alignment after the hot deformation.

(a)

(b)
Figure 4.15 XRD patterns of (a) SPS-processed and (b) hot-deformed samples mixed
with 5 wt% Dy70Cu30

4.7.3 Grain boundary diffusion
The hot-deformed sample mixed with Dy70Cu30 was then boundary diffused by
Nd62Dy20Al18, and the whole process was the same as the previous. The magnetic
properties are shown in Figure 4.16.
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Figure 4.16 Magnetic properties of boundary diffused sample mixed
with 5 wt% Dy70Cu30
Similar to the previous experiments, the grain boundary diffusion increased the
coercivity with a small degrease in remanence. Since the coercivity was improved in
SPS and hot deformation processes, the energy product improved to 33.61 MGOe.

4.8 Introduction of Dy to the original composition
Nd in the original composition was partially replaced with Dy, making the
composition Nd7Dy1 Fe87Nb0.5Zr0.5B4. The as-spun ribbons were also produced. These
alloys then underwent identical processing (SPS, hot deformation and grain boundary
diffusion).

4.8.1 Mixed with Nd70Cu30
4.8.1.1 SPS and hot deformation
The as-spun Nd7Dy1 Fe87Nb0.5Zr0.5B4 was mixed with 5 wt% Nd70Cu30, and then
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processed by SPS and hot deformation as before. The magnetic properties are shown
in Figure 4.17.

(a)

(b)

Figure 4.17 Magnetic properties of Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed with 5 wt%
Nd70Cu30 (a) after SPS and (b) after hot deformation
By introducing Dy to the original composition, the anisotropy field was modified
to a greater extent than mixing Dy70Cu30 with the original sample, resulting in a larger
improvement of coercivity of the SPS-processed and hot deformed sample (to 4800
Oe and 4300 Oe respectively). The energy product of the sample after these two
processes was increased to 22.32 MGOe and 22.74 MGOe respectively.
4.8.1.2 SEM and XRD
Figure 4.18 shows the SEM images of the microstructure of SPS-processed and
hot-deformed Nd7Dy1 Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Nd70Cu30. Crystallographic
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alignment was also observed, and it was a slightly better aligned than the previous
two samples. The improved alignment was demonstrated in the XRD patterns in
Figure 4.19, as the ratio of the integral intensity of (004) peak to (220) peak increased
from 0.55 after SPS to 2.7 after hot deformation.

(a)

(b)
Figure 4.18 SEM images of the cross section of (a) SPS-processed and (b)
hot-deformed Nd7Dy1 Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Nd70Cu30
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(a)

(b)
Figure 4.19 XRD patterns of (a) SPS-processed and (b) hot-deformed
Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Nd70Cu30
4.8.1.3 Grain boundary diffusion
The hot-deformed sample was then boundary diffused by Nd62Dy20Al18. The
magnetic properties are shown in Figure 4.20.
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Figure 4.20 Boundary diffused Nd7Dy1 Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Nd70Cu30
Since the introduction of Dy had already increased the coercivity to a higher
value when compared with that of the original sample mixed with Dy70Cu30, it was
further improved by grain boundary diffusion to 6000 Oe, and the energy product
incerased to 34.96 MGOe.

4.8.2 Mixed with Dy70Cu30
4.8.2.1 SPS and hot deformation
The as-spun Nd7Dy1 Fe87Nb0.5Zr0.5B4 was mixed with 5 wt% Dy70Cu30, and the
entire processes repeated as before. The magnetic properties of the sample after SPS
and hot deformation are shown in Figure 4.21.
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(a)

(b)

Figure 4.21 Magnetic properties of Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed with 5 wt%
Dy70Cu30 (a) after SPS and (b) after hot deformation
This sample contained more Dy than all previous samples. Although after SPS,
the coercivity and energy product were higher than that of original
Nd8Fe87Nb0.5Zr0.5B4 sample mixed with Nd70Cu30, they were lower than those of
Nd8Fe87Nb0.5Zr0.5B4 mixed with Dy70Cu30 and Nd7Dy1 Fe87Nb0.5Zr0.5B4 mixed with
Nd70Cu30. After hot deformation, its properties, both coercivity and energy product,
were worse when compared with all previous samples. This decrease of properties
might indicate that there is a threshold for the amount of Dy in the sample. Before the
threshold, the magnetic properties will be improved with the weight percentage of Dy
increases. But when the weight percentage of Dy becomes higher than the threshold,
it doesn’t have a positive influence on the magnetic properties.
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4.8.2.2 SEM and XRD
The SEM images of the cross sections of the SPS-processed and hot-deformed
Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed with Dy70Cu30 are shown in Figure 4.22. Their XRD
patterns are shown in Figure 4.23. Although the alignment was still achieved, it was
not as good as in previous samples. The ratio of the integral intensity of (004) peak to
(220) peak increased from 0.40 after SPS to 2.0 after hot deformation.

(a)
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(b)
Figure 4.22 SEM images of the cross section of (a) SPS-processed and (b)
hot-deformed Nd7Dy1 Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Dy70Cu30

(a)
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(b)
Figure 4.23 XRD patterns of (a) SPS-processed and (b) hot-deformed
Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Dy70Cu30
4.8.2.3 Grain boundary diffusion
The hot-deformed sample was then also boundary diffused by Nd62Dy20 Al18, and
the magnetic properties are shown in Figure 4.24.

Figure 4.24 Boundary diffused Nd7Dy1 Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Dy70Cu30
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Although the coercivity and energy product were still increased after grain
boundary diffusion, they were still lower than all previous samples because magnetic
properties after hot deformation were too low when compared with other samples.

4.9 Double deforming
4.9.1 Magnetic properties
Four grain boundary diffused samples, Nd8Fe87Nb0.5Zr0.5B4 mixed with Nd70Cu30,
Nd8Fe87Nb0.5Zr0.5B4 mixed with Dy70Cu30, Nd7Dy1 Fe87Nb0.5Zr0.5B4 mixed with
Nd70Cu30, and Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed with Dy70Cu30, were hot deformed a
second time, and their magnetic properties are shown in Figure 4.25.

(a)

(b)
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(c)

(d)

Figure 4.25 Magnetic properties of double deformed samples (a) Nd8Fe87Nb0.5Zr0.5B4
mixed with 5 wt% Nd70Cu30; (b) Nd8Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Dy70Cu30; (c)
Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed 5 wt% Nd70Cu30; and (d) Nd7Dy1 Fe87Nb0.5Zr0.5B4
mixed with 5 wt% Dy70Cu30
After double deforming, the remanence and energy products of all four samples
increased significantly. Nd7Dy1 Fe87Nb0.5Zr0.5B4 mixed with Nd70Cu30 had the best
magnetic properties before double deforming; it still turned out the best after double
deforming, with a coercivity of 5300 Oe, remanence of 125 emu/g, and energy
product of 36.98 MGOe. The reason for the improvement was the much better
crystallographic alignment of the Nd2Fe14B grains. After grain boundary diffusion,
more low melting phases were diffused into the grain boundaries, which further
assisted the mass transport, and improved the stress-induced preferential grain growth
during the double deforming. In addition, with more liquid low melting phase in the
double deforming process, it was easier for the deviated grains to rotate and slide to
the deforming direction. Because of these two reasons, the Nd2Fe14B grains were
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further aligned with their c-axis along the deforming direction, and this improved the
magnetic properties.

4.9.2 SEM and XRD
Figure 4.26 shows the SEM images of the four double deformed samples, and
Figure 4.27 shows their XRD patterns. The crystallographic alignment was much
improved, as most of the c-axis were aligned to the deforming direction in the SEM
images, and the ratio of the integral intensity of (004) peak to (220) peak increased to
more than 5.

(a)
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(b)

(c)
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(d)
Figure 4.26 SEM images of double deformed samples: (a) Nd8Fe87Nb0.5Zr0.5B4 mixed
with 5 wt% Nd70Cu30; (b) Nd8Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Dy70Cu30; (c)
Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed 5 wt% Nd70Cu30; and (d) Nd7Dy1 Fe87Nb0.5Zr0.5B4
mixed with 5 wt% Dy70Cu30

(a)
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(b)

(c)

(d)
Figure 4.27 XRD patterns of double deformed samples: (a) Nd8Fe87Nb0.5Zr0.5B4
mixed with 5 wt% Nd70Cu30; (b) Nd8Fe87Nb0.5Zr0.5B4 mixed with 5 wt% Dy70Cu30; (c)
Nd7Dy1Fe87Nb0.5Zr0.5B4 mixed 5 wt% Nd70Cu30; and (d) Nd7Dy1 Fe87Nb0.5Zr0.5B4
mixed with 5 wt% Dy70Cu30
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Chapter 5 Conclusions
Nd-Fe-B permanent magnets with both hard magnetic Nd2Fe14B phase and soft
magnetic α-Fe phase were produced and analyzed in this research. The as-spun
ribbons were annealed at different temperatures and times to find the conditions for
the best magnetic properties.
The bulk samples were prepared by spark plasma sintering (SPS), followed by
hot deformation. The energy product of SPS-processed samples was higher than that
of annealed ribbons, and it became even higher after hot deformation. The XRD
indicated that the c-axis of Nd2Fe14B grains were aligned to the pressing and
deforming direction as the intensity of the (00l) peaks increased after sintering and
deforming. The SEM images of the cross section of hot deformed samples revealed
the microstructure of those deformed and aligned grains.
The grain boundary diffusion process was used to increase the coercivity after
hot deformation. The diffusion of Nd along the intergranular region led to the
decoupling of the Nd2Fe14B grains, and the diffusion of Dy increased the anisotropy
by substituting Dy for Nd. Both in Nd2Fe14B increased coercivity, and so improved
the energy product further. Dy was then introduced to the original composition to
improve the original coercivity, which resulted in a higher energy product after
repeating the whole process.
The boundary-diffused samples were hot deformed again. The diffused Nd and
Dy improved alignment of the Nd2Fe14B grains, revealed by SEM and XRD, and
helped to increase the remanence and energy product.
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(a)

(b)
Figure 5.1 Comparison of magnetic properties of (a) Nd8Fe87Nb0.5Zr0.5B4 mixed with
Nd70Cu30 after each process; and (b) samples with and without Dy mixed with
Nd70Cu30 and Dy70Cu30, respectively
Figure 5.1 (a) shows the magnetic properties of Nd8Fe87Nb0.5Zr0.5B4 mixed with
Nd70Cu30 after each process, where HD, BD, and DHD refer to hot deformation,
boundary diffusion, and double hot deformation, respectively. It is obvious that the
magnetic properties were improved a lot, with the coercivity increased by 21%, the
remanence increased by 29%, and the energy product almost doubled. Figure 5.1 (b)
shows the magnetic properties before and after the introduction of Dy mixed with
Nd70Cu30 and Dy70Cu30, respectively. Nd7Dy1Nb0.5Zr0.5B4 mixed with Nd70Cu30 gave
the best magnetic properties with the energy product 36.98 MGOe.
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